Abstract-Centroid moment tensor solutions for the 2011 Tohoku earthquake are determined by W phase inversions using 5 and 10 min data recorded by the Full Range Seismograph Network of Japan (F-net). By a scaling relation of moment magnitude to rupture area and an assumption of rigidity of 4 9 10 10 N m -2 , simple rectangular earthquake fault models are estimated from the solutions. Tsunami inundations in the Sendai Plain, Minamisanriku, Rikuzentakata, and Taro are simulated using the estimated fault models. Then the simulated tsunami inundation area and heights are compared with the observations. Even the simulated tsunami heights and inundations from the W phase solution that used only 5 min data are considerably similar to the observations. The results are improved when using 10 min of W phase data. These show that the W phase solutions are reliable to be used for tsunami inundation modeling. Furthermore, the technique that combines W phase inversion and tsunami inundation modeling can produce results that have sufficient accuracy for tsunami early warning purposes.
Introduction
On 11 March 2011, only 3 min after the origin time of the 2011 Tohoku earthquake (14:46 JST), the Japan Meteorological Agency (JMA) warned that tsunami larger than 3 m would hit the east coast of the Tohoku area. The actual tsunami that struck the coastal area was more than 10 m and reached 40 m in some places (MORI et al. 2012) . The JMA used strong motion data to get the Mjma = 7.9 that was then used to generate the first tsunami warning of the 2011 Tohoku earthquake. After an offshore tsunami data was analyzed by the JMA about 25 min later, the tsunami warning was updated in which the estimated coastal tsunami heights were larger than 10 m. After 54 min from the earthquake's origin time, a magnitude Mw 8.8 was obtained for the earthquake (http://www.jma.go.jp/jma/en/2011_Earthquake/Info rmation_on_2011_Earthquake.html).
The JMA issued three types of messages for coastal areas in Japan during the 2011 event, which are tsunami advisory, tsunami warning, and major tsunami warning. These advisory and warning messages are visualized as color-coded lines along the Japanese coastlines and broadcast on television (Fig. 1 ). These messages save many lives but apparently were not enough for many other people to immediately evacuate. Large-scale maps of the predicted tsunami inundation area and heights might have been able to better illustrate the dangers that threatened them and convinced them to evacuate immediately before the tsunami arrived.
To produce the map of predicted tsunami inundation, accurate moment magnitude estimation is required. For countries like Japan, where a tsunami source can be very close to its coastal area, the authorities only have minutes to issue a warning and evacuate the area. The W phase, a distinct long-period (200 to 1,000 s) phase that arrives before S phase, can be used for rapid and robust determination of great earthquake source parameters with sufficient accuracy (KANAMORI and RIVERA 2008) . The Full Range Seismograph Network of Japan (F-net) provided enough data to determine the 2011 Tohoku earthquake's magnitude. To estimate the moment tensor solution for the earthquake we use a W phase inversion algorithm developed by previous studies (KANAMORI and RIVERA 2008; DUPUTEL et al. 2011) .
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In this study, the 2011 earthquake parameters such as the centroid location, magnitude, and focal mechanism are estimated from W phase data. A magnitude to area scaling relationship is then used to estimate simple rectangular fault models for tsunami inundation simulation. The Sendai Plain, Minamisanriku, Rikuzentakata, and Taro (Fig. 2) are selected for tsunami inundation simulation. To evaluate the computed tsunami inundation areas for a tsunami early warning, we compare the simulated tsunami inundation areas and tsunami heights with the observations. Finally, we discuss the possibility of using the W phase inversion and tsunami inundation modeling for tsunami early warning purpose.
Data

Seismic Wave Data for W Phase Inversion
We retrieved the LH and LL channels from global networks through the Incorporated Research Institutes for Seismology (IRIS) data center and from F-net through the National Research Institute for Figure 2 The W phase centroid moment tensor (WCMT) solutions and the fault planes for the 2011 Tohoku earthquake. Black star represents the epicenter of the 2011 Tohoku earthquake (JMA), white stars represent the centroid locations for the 5, 10 min, and final W phase centroid moment tensor solutions, and rectangles are fault planes for the solutions. Rectangles on the coast represent the tsunami inundation simulation sites Earth Science and Disaster Prevention data center. These data are used to estimate the moment tensor of the 2011 Tohoku earthquake by W phase inversion.
Bathymetry Data for Tsunami Numerical Simulation
The bathymetry dataset used for tsunami simulation is based upon the General Bathymetric Chart of the Oceans (GEBCO) 30 arc-sec grid resolution, Japan Hydrographic Association's M7005 bathymetric contour data, Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM), and Geospatial Information Authority of Japan (GSI) topographic contour maps. Publicly available ASTER GDEM topographic data with grid resolution of 30 m is not very accurate, coastal terrain and infrastructure such as ports or tsunami walls are poorly modeled in the GDEM. Therefore, for coastlines and topography data below 50 m elevation, we manually digitized topographic contours of the GSI maps.
Tsunami Inundation Data of the 2011 Tohoku Tsunami
The great 2011 earthquake generated a large tsunami that devastated coastal areas along the east coast of Tohoku. Post-tsunami fieldwork along the coast of Japan provided more than 5,200 measurements of inundation, including tsunami height and run-up (MORI et al. 2012) . In general, maximum tsunami run-up heights greater than 10 m are distributed along 500 km of coast (MORI et al. 2012) . Tsunami height exceeded 20 m at heads of V-shaped bays and apexes of peninsulas, and exceptional tsunami run-up heights of over 35 m were measured at a small valley, Aneyoshi, on the Omoe peninsula (SHIMOZONO et al. 2012) . The inundation limit of the tsunami was also mapped in every major town in the Sanriku coast and Sendai area.
The Sendai Plain is a vast flat area, which is dominated by rice fields near the coastline. The flat area has a topography of lower than 5 m from the coastline until up to 5 km inland which was inundated during the 2011 Tohoku tsunami (Fig. 5) . The maximum tsunami inundation height was 19.5 m, and the mean tsunami inundation height near the shoreline was about 10 m (MORI et al. 2012) . In Minamisanriku, the maximum tsunami run-up was 27 m. The tsunami inundation heights and run-ups mostly ranged from 14 to 16 m. The inundation continued as far as 3 km inland (Fig. 6) , following river valleys into the mountainous terrain (MACINNES et al. 2013) . In Rikuzentakata, the maximum tsunami run-up height was 21.6 m. The tsunami inundation heights and run-ups were mostly in the range from 14 to 16 m. Similar to what was observed in Minamisanriku, the inundation in Rikuzentakata continued following river valleys in the mountainous terrain, but in here, the tsunami reached as far as 5 km inland (Fig. 7) . In Taro, two 10 m tsunami walls, inner and outer walls, were built to protect the town from a tsunami. The 2011 Tohoku tsunami overtopped the walls and swept away houses behind the walls. The northern part of the outer wall was destroyed during the tsunami, while the inner wall and the southern part of the outer wall remain intact to the ground. The tsunami heights inside the walls ranged from 8 to 10 m, while outside the walls, the heights were in the range from 14 to 20 m (Fig. 8 ).
Method
W Phase Inversion
We used the W phase inversion algorithm (KANAMORI and RIVERA 2008; DUPUTEL et al. 2011) to estimate the moment tensor of the 2011 Tohoku earthquake. The W phase source inversion algorithm was specifically developed to estimate the magnitude, centroid location, and mechanism of great earthquakes like the 2011 Tohoku earthquake (KANAMORI and RIVERA 2008; DUPUTEL et al. 2011) . Time domain deconvolution is used to retrieve ground displacement and then it is bandpass filtered between 0.001 and 0.005 Hz using 4th order of the Butterworth filter. The time window (in seconds) is from the P wave until 15 times the distance (degree) between point source to the station. For more details of the W phase inversion method see KANAMORI and RIVERA (2008); DUPUTEL et al. (2011 DUPUTEL et al. ( , 2012 . Vol. 171, (2014) Case Study for the 2011 Tohoku Event 1411
We estimate the moment tensor solutions for the 2011 Tohoku earthquake by the W phase inversion algorithm using 5 and 10 min data of LH and LL channels belonging to the F-net. We also estimate a final moment tensor solution using data retrieved from global seismic networks through the Incorporated Research Institutes for Seismology (IRIS) data center.
Scaling Relations
Scaling relations are needed to estimate rupture area from the earthquake's moment magnitude. The moment magnitude (Mw) to fault area (A) relation of WELLS and COPPERSMITH (1994) are widely used in seismic hazard analysis. The relationship was derived from a database including all slip types of continental interplate or intraplate earthquakes, with the exception of subduction zones earthquakes, both those at the interface and those within the oceanic slab. There are other recent scaling relationships that focused on continental events (HANKS and BAKUN 2002) and that focused on subduction zone events (BLASER et al. 2010) .
The major slip area of the 2011 Tohoku earthquake is approximately 150 km wide by 300 km long, which is relatively compact compared with the aftershock region (AMMON et al. 2011; POLLITZ et al. 2011; GUSMAN et al. 2012) . For this particular event, the major slip area estimated by the previous studies is similar to the rupture area estimated by the relationship of HANKS and BAKUN (2002) . Therefore, in this study, the magnitude to area scaling relationship (Mw = 4/3 log A ? 3.03) for rupture area larger than 1,000 km 2 of HANKS and BAKUN (2002) is used.
The fault length (L) and fault width (W) are calculated from the estimated rupture area by a simple relationship of fault length (L) = 2 9 fault width (W). Then a slip amount can be estimated from the ruptured area and scalar moment by assuming the rigidity along the plate interface, in this study we assume that the rigidity is 4 9 10 10 N m -2 .
Tsunami Inundation Model
To simulate tsunami inundation, the non-linear shallow water equations in a Cartesian coordinate system are solved by the finite different scheme (GOTO et al. 1997) . Tsunami inundation is numerically computed using a moving boundary condition. Discharge across the boundary between two cells is calculated if the ground height in the dry cell is lower than the water level in the submerged cell; otherwise, discharge is considered to be zero (IMAMURA 1996) . In this study, tsunami inundation in the Sendai Plain, Minamisanriku, Rikuzentakata, and Taro are simulated. The grid sizes for each location are 50, 15, 15, and 5 m, respectively. For all sites, the Manning's roughness coefficient is assumed to be 0.025.
Comparison of Tsunami Simulation and Observation
We used the measured tsunami data for comparison with simulated tsunami to evaluate the performance of each source model in reproducing the actual tsunami height and inundation. For each post-tsunami observation at a simulated location, the height above sea level of the simulated tsunami (H sim ) is compared with the actual measurement (H) at the same position, or the closest numerically inundated point when the observed point was not numerically inundated. The ratios between simulated and observed tsunami heights (H sim /H) at each location are plotted in a histogram with interval of 10 %. The kurtosis (b) of the ratio distribution shows how well the simulation produced the overall observed pattern of inundation. The more peaked and narrow the histogram, or larger the kurtosis value, the better the simulation was able to reproduce the pattern of observation. The kurtosis of a distribution is defined as
where l x is the mean of a set of x, r x is the standard deviation of a set of x, and E[t]represents the expected quantity of t, in this case x is the ratio between simulated and observed tsunami heights (H sim /H). The l x can be renamed as mean ratio (R).
Results
Determination of Fault Plane
We estimated three centroid moment tensor solutions, two of which are using 5 and 10 min of W phase data recorded at Japan stations, and a final W phase centroid moment tensor (WCMT) solution ( (Table 1) , and centroid location is up-dip the epicenter (Fig. 2) , which are consistent with the moment tensor solutions provided by DUPUTEL et al. (2011) and the USGS W phase solution. The W phase solution using 5 min data after the p wave arrives at the Japanese stations providing a Mw estimation of 9.0, which is consistent with the final W phase moment tensor solution. However, the centroid location and focal mechanism are poorly resolved. While the 10-min W phase solution provides a Mw estimation of 9.1 that is slightly larger than Mw 9.0 from the final moment tensor solution. Though, the earthquake parameters of strike, dip, and rake angles obtained using 10 min of W phase data are similar to those of the final moment tensor solution. The centroid locations estimated using the Japanese F-net data are poorly resolved because of the limited azimuthal coverage. For simplicity, we will refer to the centroid moment (Table 1) .
Tsunami Inundation Modeling
The simulated tsunami inundation areas from all fault models and the observed tsunami inundation data for the Sendai Plain, Minamisanriku, Rikuzentakata, and Taro are shown in Figs. 5, 6, 7, and 8, respectively . Histogram plot of ratio between simulated and observed tsunami height for each case are shown in Fig. 9 .
The simulated tsunami inundation area in the Sendai Plain from the simple source model of Solution 1 underestimated the observation. While results of tsunami simulations from Solutions 2 and 3 resemble the actual tsunami inundation area and heights with mean ratios of 156 and 133 %, respectively. Although the mean ratio from Solution 1 is the smallest compared to that from other solutions, the ratio distribution is rather random with local maxima and has the smallest kurtosis. The mean ratios and histogram plots for the Sendai Plain in Fig. 9a show that the pattern of the simulated tsunami heights from Solution 3 resembles better the observations. For Minamisanriku, tsunami simulation from Solution 1 slightly underestimated the actual tsunami heights with mean H sim /H ratio of 72 % but has an inundation area that is similar to the observation. While tsunami simulations from Solutions 2 and 3 give good results with mean H sim /H ratios of 109 and 100 %, respectively (Fig. 9b) . High kurtoses of the ratio distributions from all simulations show that the simulated tsunami heights are consistent with the measured tsunami heights. The simulated tsunami inundations from all source models match well the observed inundation area (Fig. 6 ). For Rikuzentakata, tsunami simulations from Solutions 1 and 3 give good results of tsunami inundation area with mean H sim /H ratios of 109 and 99 %, respectively. High kurtoses of the ratio distributions from these simulations show that the simulated tsunami heights are consistent with the measured tsunami heights. Although tsunami simulation from Solution 2 produced slightly higher tsunami heights compared to the measured ones with mean ratio of 140 % (Fig. 9c) , the simulated inundation area is also similar to the actual one (Fig. 7) . At this site, the difference in sizes of moment magnitude affected the simulated tsunami heights more than the difference in focal mechanisms.
It is rather difficult to say which solution gives the best result in Taro because all solutions can only partly explain the observations. Solution 1 and 2 give good results of tsunami heights at positions where the observed heights are larger than 14 m, but give a result that overestimates the observations that have heights smaller than 14 m. On the contrary, Solution 3 can explain the tsunami heights that are smaller than 14 m, but underestimate the observations that are larger than 14 m by a factor of two (Fig. 9d) . From tsunami inundation results, the limit of inundation from Solution 3 is slightly better than those from the other solutions (Fig. 8) .
The simple fault models in this study and other existing seismic source models of the 2011 Tohoku earthquake cannot fully explain anomalous high run- However, the tsunami source model inferred from tsunami waveforms that was used for high-resolution tsunami inundation modeling was able to successfully predict the high run-ups (WEI et al. 2012) . Studies of the 2011 Tohoku tsunami source model using tsunami waveforms are suggesting large sea surface deformation near the Japan Trench (FUJII et al. 2011; TSUSHIMA et al. 2011; GUSMAN et al. 2012; WEI et al. 2012) , which cannot be predicted by using only seismic data. Deformation source of submarine mass failure in addition to co-seismic seafloor deformation could be the reason behind the anomalously high runups (GRILLI et al. 2012).
Discussion
Combination of W Phase Inversion and Tsunami Inundation Modeling
Tsunami simulation results in the three locations from the three W phase solutions are considerably similar to the observed tsunami heights and inundations. Even though the W phase solution that used the 5 min data has centroid location and focal mechanism with low accuracies, the resulting simulated tsunami heights and inundations are considerably similar to the observations. The simulated tsunami inundation area may give an estimation of scale or threat of the incoming tsunami, and it could suggest an immediate evacuation. These suggest that the technique that combines W phase inversion and tsunami inundation modeling can produce results that have sufficient accuracy for tsunami early warning purposes.
Calculation Speed
The time required for a high-resolution tsunami inundation model to finish mainly depends on the computer speed, simulation domain, and grid size. For this study we used a computer with an Intel Ò Core TM 2 Duo processor, running at 3.00 GHz, which is supported by 4 GB of memory. To simulate 100 min of tsunami propagation and inundation in Sendai Plain, Minamisanriku, Rikuzentakata, and Taro, the time required are 34.7, 14.6, 16.9, and 43.7 min, respectively. The tsunami arrival time for coastlines in Iwate and Miyagi prefectures ranged from 25 to 55 min, except for Sendai Plain where the arrival time ranged from 60 to 80 min (MUHARI et al. 2012) . The total time needed to obtain results for a tsunami warning includes the time to wait until 5 min or 10 min seismic data were collected, about 1 min for calculation of W phase inversion, and the computation time to perform high-resolution inundation modeling. The tsunami warning could be sent to all areas before the tsunami hit the shores, except for Taro. It required a longer time for Taro because we used the 5 m grid system to be able to consider the existence of tsunami walls. However, future computers will have faster speed, and an implementation of parallel computing that use multiple cores can also speed up the simulation of tsunami inundation. To save more time, a system that incorporates W phase inversion and a pre-calculated tsunami propagation and inundation database might be able to estimate robustly the tsunami inundation due to great earthquakes.
Selecting the Best Solution and Fault Model
To select which solution is better between the 5 and 10 min solutions, we used the final solution for the case of the 2011 Tohoku earthquake as a reference. The 5 min W phase solution provides better estimate of seismic moment magnitude than the 10 min solution. But the centroid location, strike, dip, and rake of the 10 min solution are better than those from the 5 min solution. The focal mechanism of the 10 min solution is also more consistent with the regional geometry of plate interface given by SLAB1.0 (Hayes and Wald 2012) .
The 10 min W phase solution gives a conservative forecast for the 2011 Tohoku earthquake and tsunami. The simulated tsunami inundations from the 10 min solution in Sendai Plain and Minamisanriku are very close to the observations. The 10 min solution overestimates the observations in Rikuzentakata and partly explains the observations in Taro. In the case of the 2011 Tohoku tsunami, the tsunami inundation results show that the 10 min solution is still better than the 5 min solution. However, if the 5 min solution gave more conservative results, and if its focal mechanism was consistent with the regional geometry (SLAB1.0), then the 5 min solution should be used for tsunami forecast.
Because the scaling relationship of HANKS and BAKUN (2002) was made to estimate the fault area of continental earthquakes, our selection of this scaling relationship over the one for subduction zone earthquakes by BLASER et al. (2010) is counterintuitive.
The estimated fault size for the Mw 9.1 earthquake (10 min solution) by BLASER et al. (2010) relationships is 656 km 9 212 km, which is larger than the 268 km 9 134 km estimated from HANKS and BAKUN (2002) relationship. Hence, the estimated slip amount on the larger fault size for the Mw 9.1 earthquake is 10 m, which is much smaller than 37 m for the smaller fault size. We also simulated the tsunami inundation in the Sendai Plain, Minamisanriku, Rikuzentakata, and Taro using the fault model with a smaller slip amount. As expected, the simulated tsunami inundations in those locations are underestimating the observations. Figure 10 compares the maximum tsunami heights from both simple fault models, along the coastline of northeast Honshu on a 60 arc-seconds grid system. The comparison shows that the simulated tsunami heights from the fault model with the larger slip amount are larger between 37°and 40°N but similar elsewhere. However, the simulated tsunami from the larger size fault model arrives noticeably sooner at locations to the north and south of the smaller size fault plane. In a case of a real tsunami event, the worse scenario of tsunami inundation area, heights, and arrival time should be sent to the coastal community for consideration of an immediate evacuation.
Future Improvement for Tsunami Source Estimation
Accurate tsunami source estimation can be obtained from directly measuring the water waves. Offshore tsunami detection devices in the near field such as GPS buoys and bottom pressure gauges recorded the 2011 Tohoku tsunami. The spatial distribution of these devices provides a good measure tsunami source. A reliable tsunami source model for the 2011 Tohoku tsunami was obtained by only using 35 min of tsunami waveforms (TSUSHIMA et al. 2011) . Unfortunately, the time required to obtain this source model was still too long for tsunami warning purposes in the near-field region. In the near future, a dense network of 154 tsunami pressure gauges will be installed in the Japan Trench subduction zone (MONASTERSKY 2012) . When the network is available, data from those instruments could be used to estimate the source for tsunami early warning.
Conclusions
We estimated three centroid moment tensor solutions for the 2011 Tohoku earthquake, two of which are estimated using 5 min and 10 min of W phase data recorded at the Japan F-net stations, another one is a final W phase centroid moment tensor solution estimated using the global data. A scaling relation (Mw = 4/3 log A ? 3.03) by HANKS and BAKUN (2002) is used to calculate the rupture area from the moment magnitude. Then by assuming a rigidity of 4 9 10 10 N m -2 along the plate interface and a relationship between the length and width of the rupture area (L = 2 9 W), we obtained earthquake fault parameters for tsunami inundation modeling. Tsunami inundation area and heights are simulated in the Sendai Plain, Minamisanriku, Rikuzentakata, and Taro using the three estimated fault models for the 2011 Tohoku earthquake. Even the simulated tsunami heights and inundations from the W phase solution that used only 5 min data are considerably similar to the observations. The results of inundation model in Sendai, Minamisanriku, and Taro are improved when using 10 min of W phase data. These show that the W phase solutions are reliable to be used for tsunami inundation modeling. Furthermore, the technique that combines W phase inversion and tsunami inundation modeling can produce results with sufficient accuracy for tsunami early warning purposes.
From the tsunami inundation results, comparison to the reference of final solution, and geometric evaluation of the fault models, the 10 min solution is considered to be better than the 5 min solution. The 10 min W phase solution also gives a preferable conservative forecast for the 2011 Tohoku earthquake and tsunami. However, the 10 min solution of other events may not always overestimate the earthquake magnitude and tsunami impact. If the 5 min solution of an event gives more conservative results than the 10 min solution, and if its focal mechanism is consistent with the regional geometry, then the 5 min solution should be used for tsunami forecast.
